Genetic studies of Pseudomonas spp. are particularly interesting because these microorganisms, widespread in the environment, exhibit a wide range of metabolic properties, including the ability to degrade a variety of natural and synthetic organic compounds, some of which are recalcitrant to degradation. There is considerable interest in the possibility of utilizing natural or manipulated strains for degradation of specific environmental pollutants (39, 43) . The detailed characterization of degradative processes in a variety of microorganisms also leads to an increasing utilization of whole cells, as well as isolated enzymes, in the production of fine chemicals with biosystems (7) . Reactions that have been explored include oxidations with oxygenases, enzymes which catalyze stereoand regioselective oxidations difficult to accomplish by organic synthesis (5) .
Microbial degradation of many aromatic hydrocarbons has been studied in great detail (15) , and most of their catabolic operons have been sequenced (reviewed in reference 43), giving useful information on gene organization and regulation (28, 29, 33) and the evolution of aromatic pathways (14, 43) .
We are studying the styrene catabolism in Pseudomonas fluorescens ST. Styrene is a toxic compound used in large amounts by the chemical industry and released into the environment, causing pollution. Styrene contamination of the environment can occur by various routes, including factory wastewater, evaporation, and the pyrolysis of polystyrene (12) .
Microorganisms able to degrade styrene are not widespread in nature (45) . Two main routes of aerobic styrene breakdown have been proposed: the first involves oxidation of the lateral chain to phenylacetate (3, 17, 30, 36-38, 41, 42) , and the second involves initial oxidation of the aromatic nucleus (2, 6, 16, 46, 47) . In a previous publication (26) , we reported the cloning of the styrene catabolic genes from P. fluorescens ST and demonstrated that this strain degrades styrene by oxidation of the lateral chain.
The genes involved in the first steps of styrene degradation were found to be chromosomally encoded, and we were able to localize the gene(s) for the styrene monooxygenase responsible for the conversion of styrene into epoxystyrene in a 3-kb PstIEcoRI fragment, while Escherichia coli cells transformed with a 2.3-kb BamHI fragment were able to convert epoxystyrene into phenylacetaldehyde and 2-phenylethanol, suggesting that epoxystyrene isomerase and epoxystyrene reductase activities could be encoded by this fragment (26) .
In the present paper, we report the sequencing and characterization of the genes responsible for the oxidation of styrene to phenylacetic acid: styA and styB encode a styrene monooxygenase responsible for the transformation of styrene to epoxystyrene, and styC codes for the second enzyme of the pathway, an epoxystyrene isomerase which converts epoxystyrene to phenylacetaldehyde, a compound which is subsequently oxidized to phenylacetic acid by a phenylacetaldehyde dehydrogenase encoded by styD.
MATERIALS AND METHODS
The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli JM109 (49) was grown at 37°C in Luria-Bertani medium (27) or mineral M9 medium (27) supplemented with glucose (0.2%) and thiamine (1 g/ml). The antibiotic concentrations were as follows: ampicillin, 100 g/ml; tetracycline, 25 g/ml; chloramphenicol, 30 g/ml. Isopropyl-␤-D-thiogalactopyranoside (IPTG; 1 mM) and indole (1 mM) were added to the media when appropriate.
DNA manipulation. Plasmid preparations, restrictions, and ligations were carried out by standard procedures (25) . E. coli was transformed with plasmid DNAs by the electroporation method (9) .
Plasmids pTSOI and pTSOIR were obtained by cloning, in opposite orientations in the BamHI restriction site of pTZ18R, the PCR amplification product obtained from pTB23 by using synthetic oligonucleotides OLI1 (5ЈGTTTTTGG ATCC 1884 GCCTTTCCGTGCCGATCA3Ј 1901) and OLI2 (5ЈGGGGGGGG ATCC 2490 TGATGGGGCAGGCGTAG3Ј 2474) (numbers indicate the corresponding positions in the sequence, and BamHI restriction sites inserted in the linkers for further cloning are in boldface). PCR amplification was performed with a PTC-100 Programmable Thermal Controller (MJ Research Inc.) by standard procedures. The nucleotide sequence was determined with the dideoxy method of Sanger et al. (35) on double-stranded DNA by using the Deaza G/A T7 Sequencing Mixes kit in accordance with the supplier's (Pharmacia Biotech) instructions. Both commercially available and synthetic primers were used for sequencing reactions. Restriction endonucleases, Taq polymerase, and ligase were from Boehringer Mannheim. The nucleotide sequence was analyzed by using the GCG Sequence Analysis Software Package (8) .
Indoxyl and indigo production assays. To quantify styrene monooxygenase activity, indoxyl and indigo production was assayed as follows. E. coli JM109 cells carrying plasmids pTPE30, pTPB25, pTAE10, pTZ18/19R, pGPE30, pGPB25, and pGZ119EH were grown at 37°C in a 500-ml flask containing 100 ml of M9 medium supplemented with glucose (0.2%), thiamine (1 g/ml), and an appropriate antibiotic. When the cultures reached an A 600 of 0.6, transcription from the lacZ promoter was induced for 1 h by addition of IPTG to a final concentration of 1 mM. After induction, cells were collected by centrifugation, washed twice with K-phosphate buffer (0.1 M, pH 7), and resuspended in the same buffer to an A 600 of 2.0. Indole was added to a final concentration of 1 mM, and E. coli cells were incubated at 30°C. Culture samples were collected at different times of incubation and extracted twice with an equal volume of ethyl acetate. The A 600 of the combined organic phases was then determined (10) . Indigo formation was monitored by measurement of A 600 , and quantitation was performed by using a standard curve of the authentic compound dissolved in ethyl acetate. Indoxyl production was monitored by measurement of A 400 as suggested by Jenkins et al. (23) , but quantitation was not possible, as the compound was not commercially available.
Culture conditions for metabolite analysis. E. coli JM109 cells transformed with plasmids pTB23, pTB23R, pTSOI, pTSOIR, and pTZ18R were grown in M9 medium supplemented with glucose (0.2%), thiamine (1 g/ml), and ampicillin (100 g/ml) at 37°C. When cultures reached an A 600 of 0.6, IPTG was added to a final concentration of 1 mM. Induction proceeded for 1 h at 37°C, and then cells were collected by centrifugation, washed twice with K-phosphate buffer (0.1 M, pH 7), and resuspended in the same buffer at an A 600 of 2.0. The cell suspensions (20 ml) were incubated in a 100-ml flask in the presence of epoxystyrene (30 mM) at 30°C. Alternatively, a 2-liter volume of cells prepared as described above was incubated in a 2.5-liter BM3000 reactor (Bioindustrie Mantovane, Mantua, Italy) at 30°C with stirring. Epoxystyrene was added via gas phase by passing the incoming air flow (1.5 liters/min) through a flask containing 100 ml of dibutyl phthalate and 20 ml of epoxystyrene. The use of dibutyl phthalate as a substrate reservoir allowed the maintenance of epoxystyrene in the incoming gas phase at a less toxic concentration than in flasks incubated as described above. The exhaust air was chilled on dry ice, and the condensed vapors (accumulated in 24 h) were collected and assayed for epoxystyrene and its biotransformation products by high-performance liquid chromatography. The total amount of epoxystyrene passed through the culture within 24 h was normalized by summing the amount of epoxystyrene and its biotransformation products in the condensed vapors and in the culture. This value was estimated to be 3 to 4 mmol/liter of culture in the different experiments.
To assay biotransformation of phenylacetaldehyde, cells were grown and incubated as described above. Due to the low evaporation rate of phenylacetaldehyde, no dibutyl phthalate was added when phenylacetaldehyde was supplied via the gas phase.
Metabolite analysis. Analysis of epoxystyrene biotransformation products was performed by reverse-phase high-performance liquid chromatography as previously described (26) , with a Waters Bondapak C 18 column (3.9 by 300 mm) eluted with acetonitrile-water (50:50) at a flow rate of 1 ml/min, and compounds were detected by determination of A 254 . Quantitation was done on the basis of standard curves obtained with the authentic compounds.
Phenylacetaldehyde biotransformation products were extracted with one-third of a volume of ethyl acetate or methylene chloride and analyzed with a Finnigan Mat TSQ70 gas chromatography (GC)-mass spectrometry (MS) apparatus at 70 eV. The GC analysis conditions were as follows: DB-5 capillary column (30 m by 0.5 mm; film thickness, 0.25 m); helium flow rate, 29 cm/s; initial temperature of 60°C for 1 min, a first step to 80°C in 2 min, 80°C for 1 min, a second step to 150°C in 14 min, 150°C for 1 min, a third step to 250°C in 4 min, and 250°C for 5 min. Compound peaks (13) were assigned by comparison with those obtained with the authentic compound.
Chemicals. All chemicals were of the highest purity commercially available: styrene, 99%; epoxystyrene, 98%; 2-phenylethanol, 99%; phenylacetaldehyde, 95%; phenylacetic acid, 99%; indole, 99%; indigo, 98%. Styrene and chromatography solvents were from Merck, Darmstadt, Germany; epoxystyrene, 2-phenylethanol, indole, and indigo were from Fluka, Buchs, Switzerland; and phenylacetaldehyde and phenylacetic acid were from Sigma-Aldrich, Steinheim, Germany.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper and the derived amino acid sequence have been submitted to the EMBL data bank under accession number Z92524. 
RESULTS
Nucleotide sequence and sequence analysis. We determined the sequence of a 4,377-bp region (indicated by a heavy bar in Fig. 1B ) and identified the genes encoding enzymes involved in the first steps of styrene catabolism (26 The first open reading frame (styA), extending from nucleotides (nt) 34 to 1279, could encode a protein of 415 amino acids (aa) (with an estimated molecular mass of 46.4 kDa and a pI of 5.5). A search for proteins related to StyA revealed that it was 22% identical to p-hydroxybenzoate hydroxylase (POBA) from P. fluorescens (48) and P. aeruginosa (11) and 20.7% identical to the salicylate hydroxylase (NAHG) encoded by plasmid NAH7 (50) . In general, the overall sequence similarities among single-component hydroxylases and monooxygenases are rather low (14) . Higher local sequence similarities occur in specific domains, such as the amino-terminal ␤-␣-␤ unit (aa 5 to 31 in StyA) (14) , where the conserved glycine residues of the sequence GXGXXG (aa 9 to 14) have been postulated to have important structural roles in the interaction of the ribose of the adenosyl moiety and in the bend connecting the first ␤-strand and the ␣-helix of the fold (22) . These homology data suggest that styA encodes a flavin adenine dinucleotide-binding monooxygenase.
The second open reading frame (styB) shows an ATG start codon at nt 1336 and a stop codon at position 1846. The resulting 170-aa protein, with an estimated molecular mass of 18.4 kDa and a pI of 6, showed no significant homology with Enzyme activities: SMO, styrene monooxygenase; SOI, epoxystyrene isomerase; PADH, phenylacetaldehyde dehydrogenase. (B) Physical map of three contiguous BamHI fragments from p907. Only the relevant restriction sites are indicated. The sequenced region is marked by a shaded box, and the organization of the corresponding genes and IS1162 is shown at the bottom. (C) Subclones used in this study. The indicated fragments were cloned in E. coli by using the pTZ18/19R vectors as described in Table 1 . The orientation of each fragment with respect to the lacZp vector promoter is indicated by an arrow. Restriction sites: A, AccI; B, BamHI; D, DraI; E, EcoRI; P, PstI.
other known proteins. However, a detailed comparison of StyB to known oxygenases revealed 23.4% identity between the last 120 aa of StyB and the carboxy end of the 2,4-dichlorophenol-6-monooxygenase (TFDB) encoded by plasmid pJP4 (32) . Moreover, we have some indication that this protein could be essential for the complete activity of styrene monooxygenase (see below).
styC
The fourth open reading frame (styD) shows two possible ATG start codons at positions 2426 and 2444, respectively. The first start codon overlaps the stop codon of styC, while the second is preceded by a better ribosomal binding site. This open reading frame ends inside the 0.9-kb BamHI fragment (Fig. 1) , at nt 3932, and thus could encode a protein of 502 or 496 aa with an estimated molecular mass of 53.4 or 52.8 kDa and a pI of 5.7 or 5.5, respectively. A computer search of the EMBL data bank revealed a close relationship between StyD and a variety of eukaryotic and prokaryotic aldehyde dehydrogenases (45 to 50% identity in the first 20 best scores). Further analysis of the amino acid sequence with MOTIFS evidenced the typical aldehyde dehydrogenase active sites. The highly conserved residues of the aldehyde dehydrogenase family, Cys-302 and Glu-268 (the numbering refers to the human cytosolic aldehyde dehydrogenase) (19) , thought to be involved in the catalytic activity of mammalian aldehyde dehydrogenases, are conserved in all of the enzymes of this family (1, 21, 44) and are located at positions 307 and 273, respectively, in StyD. There is no typical NAD-binding site in the proteins of the aldehyde dehydrogenase family, but glycine residues possibly involved in NAD binding (20) are conserved in StyD at positions 229, 235, 251, and 256.
On the complementary strand, we found two possible open reading frames. orf1, overlapping styC, could start at nt 2414 (GTG) and stops at nt 1899, giving a protein of 171 aa with a molecular mass of 18.9 kDa and a pI of 6.3, and orf2 (nt 876 to 1), which overlaps styA, could encode a 291-aa protein with a molecular mass of 32.2 kDa and a pI of 6.1. Neither of these putative proteins showed significant homology with known proteins, but an E. coli promoter consensus sequence is present upstream of orf2 (nt 935 TCGACAGTTGCCT-17 bp-ATAA TG).
Localization of IS1162 adjacent to the styrene catabolic genes. P. fluorescens ST harbors a 37-kb cryptic plasmid named pEG that is characterized by the presence of an inverted 12-kb duplication which is delimited by an insertion sequence named IS1162 (EMBL data bank accession number X79443) (40) . This element is strictly related to IS408 from Burkholderia cepacia and belongs to the IS21-like family (29) . We have previously demonstrated that a sequence homologous to IS1162 was present on the chromosome (34) . In p907, we have identified, downstream of styD, a region showing the same restriction map as IS1162. To confirm this restriction analysis, we sequenced the region downstream of styD in plasmid pTEB26 and compared this sequence with that of the IS1162 plasmid copy. The two sequences were completely identical starting from the right inverted repeat located 367 bp downstream of the termination codon of styD (Fig. 1B) , indicating that IS1162 was in an inverted orientation with respect to the catabolic genes. Southern analysis of p907 with IS1162 probes demonstrated that the entire transposable element was present downstream of the styrene catabolic genes and confirmed its orientation (data not shown).
Functional analysis of styA and styB. We previously demonstrated that the 3-kb PstI-EcoRI fragment of pTPE30 conferred on E. coli transformants the ability to convert styrene into epoxystyrene (26) . Our sequence data show that StyA, which is weakly homologous to POBA (48) and NAHG (50) , is located approximately 900 bp downstream of the PstI restriction site. Preliminary sequence data on the region between the PstI site and the styA start codon strongly suggest that a regulatory gene is located in this region (data not shown). This could account for the fact that deletions downstream of the PstI site completely abolished the detection of styrene monooxygenase activity (26) .
In the 3-kb PstI-EcoRI fragment, the 170-aa StyB coding sequence is also present. To establish the role of this protein, we cloned the 2.5-kb PstI-BamHI fragment and the 1-kb AccIEcoRI fragment in pTZ19R, obtaining plasmids pTPB25 and pTAE10, respectively (Fig. 1C) . Plasmid pTPB25 contained all of styA and the sequence coding for the first 53 aa of StyB, whereas pTAE10 contained all of styB plus the sequences coding for the last 78 aa of StyA and the first 44 aa of StyC.
We compared the styrene monooxygenase activities expressed by E. coli JM109(pTPB25), JM109(pTAE10), and JM109(pTPE30) transformants. We determined the activities indirectly by measuring indole oxidation to indoxyl and indigo as described in Materials and Methods. In fact, as previously demonstrated (26), styrene monooxygenase is also able to oxidize indole. This indirect assay was chosen because precise measurement of the level of styrene conversion to epoxystyrene is very difficult to achieve because of the high volatility of these compounds and the low extinction coefficient of epoxystyrene, which makes its detection very difficult when small amounts are present. We have found that different levels of styrene monooxygenase activity could be better determined by measuring indole oxidation. Moreover, the same assay was previously used to identify pTPE30 as the P. fluorescence ST gene bank subclone coding for styrene monooxygenase (26) . The results obtained are shown in Fig. 2A and B. No indole oxidation was detected with JM109(pTAE10), which contained all of styB, or with JM109(pTZ19R), which was used as a control. The best activity was obtained when both styA and styB were present, as in JM109(pTPE30). Deletion of styB was associated with a great reduction in indoxyl production and indigo accumulation.
Since the 3-kb PstI-EcoRI fragment of plasmid pTE30 and the 2.5-kb PstI-BamHI fragment of plasmid pTPB25 were cloned in the same vector and styA had the same position in the two plasmids with respect to the lacZp vector promoter, we can assume that styA was expressed at the same level in both plasmids. If so, the observed differences in monooxygenase activity between JM109(pTPE30) and JM109(pTPB25) should be due to the presence of the styB product. To confirm this hypothesis, we performed indole oxidation experiments providing styA and styB in trans. To do this, we cloned the 3-kb PstI-EcoRI and 2.5-kb PstI-BamHI fragments in pGZ119EH (24) , a vector compatible with pTZ19R, obtaining pGPE30 and pGPB25, respectively. Also in this case, the indole oxidation level was lower with JM109(pGPB25) than with JM109(pGPE30). When JM109(pGPB25) was transformed with pTAE10, indigo accumulation was restored. However the kinetics of indoxyl formation in this system were slower than those obtained when the same genes were cloned in pTZ19R, probably due to the lower copy number of the pGZ119EH vector. We intend to confirm these results by cloning the two genes in vectors that are comparable in copy number and under the control of the same promoter.
Characterization of StyC. We previously described the conversion of epoxystyrene into phenylacetaldehyde and/or 2-phenylethanol by E. coli JM109(pTB23) and JM109(pTB23R), suggesting that two genes could be present in the 2.3-kb BamHI fragment: an epoxystyrene isomerase gene located on the same strand which codes for the styrene monooxygenase and an epoxystyrene reductase gene whose expression was independent of the orientation of the fragment with respect to the vector promoter (26) . Sequencing of this fragment has shown that it contains all of styC and almost the complete sequence of the putative phenylacetaldehyde dehydrogenase gene (styD). To verify that styC could correspond to the epoxystyrene isomerase gene, we amplified, by PCR, a fragment spanning the region from 35 bp upstream to 60 bp downstream of styC as described in Materials and Methods. The amplification product was cloned in both orientations in pTZ19R, and the recombinant plasmids obtained, pTSOI and pTSOIR (Fig.  1C) , were cloned into E. coli JM109. In these constructions, the putative promoter upstream of styC was not present and the expression of styC was under the control of lacZp in pTSOI.
We then used JM109(pTSOI), JM109(pTSOIR), JM109(pTB23), JM109(pTB23R), and JM109(pTZ18R) to perform a series of epoxystyrene biotransformation experiments. These experiments were done both in a batch by supplying the epoxystyrene at a concentration of 30 mM and in a continuous culture by supplying a total of 3.5 mmol of epoxystyrene per liter of incubation culture within 24 h. The latter condition was chosen to avoid problems of toxicity due to high concentrations of epoxystyrene or its biotransformation products. The same conditions were also used to test the ability of E. coli JM109 (pTZ18R) cells to transform phenylacetaldehyde. The first relevant finding is that E. coli cells containing only the vector were able to convert phenylacetaldehyde into 2-phenylethanol in continuous cultures (2.8 mmol of 2-phenylethanol was produced, which is equivalent to 80.2% phenylacetaldehyde biotransformation). A very low level of biotransformation (2.13%) was detected in the batch system, as previously described (26) . The results of the epoxystyrene biotransformation experiments are reported in Table 2 . Considering that E. coli cells are able to convert phenylacetaldehyde into 2-phenylethanol, the 2-phenylethanol present in JM109(pTB23) and JM109(pTB23R) cultures was probably generated from the phenylacetaldehyde produced by these clones, by an enzyme activity encoded by the E. coli chromosome. This would explain the different results obtained with JM109(pTB23) in batch and continuous cultures. In fact, as previously demonstrated (26) in batch cultures, epoxystyrene was rapidly converted into phenylacetaldehyde, whose accumulation (due to the presence of a truncated form of styD) probably became toxic for E. coli cells, avoiding its subsequent biotransformation to 2-phenylethanol. In continuous cultures, the very slow production of phenylacetaldehyde allowed E. coli cells to convert this compound completely into 2-phenylethanol. Results the same as those obtained with JM109(pTB23) were obtained by using JM109(pTSOI), indicating that styC really is the epoxystyrene isomerase gene. The production of 2-phenylethanol by JM109(pTB23R) could be due to the presence of an endogenous promoter that is weakly recognized by the E. coli transcriptional apparatus, thus promoting a low level of styC expression. The slow production of phenylacetaldehyde also in batch cultures could simulate the condition obtained with continuous cultures. Accordingly, we had previously shown the very slow kinetics of 2-phenylethanol formation in batch cultures by JM109(pTB23R) (26) . Sequence analysis of the DNA region upstream of styC has shown the presence of three stretches of sequences with dyad symmetry,
FIG. 2. Comparative analysis of the production of indoxyl (A) and indigo (B)
in E. coli JM109(pTE30) (ᮀ), JM109(pTPB25) (s), JM109(pTAE10) (å), and JM109(pTZ18R) (Ç). Cells were grown in the presence of IPTG for 1 h and washed and resuspended in phosphate buffer as described in Materials and Methods. Indole (1 mM) was added to the culture, and production of indoxyl and indigo was assayed after extraction with ethyl acetate by determination of A 400 and A 600 , respectively. Indigo quantitation was performed with a standard curve of the authentic compound, while indoxyl production is reported simply as A 400 because the compound was not commercially available. Characterization of StyD. Sequence similarities between the styD gene and known genes for aldehyde dehydrogenases strongly suggested the possibility that this gene encodes phenylacetaldehyde dehydrogenase. To verify this hypothesis, biotransformation assays were performed.
Supernatants of E. coli JM109 transformed with plasmid pTEB26 (Fig. 1C) , which contained the entire styD sequence, were analyzed by GC-MS after incubation in the presence of phenylacetaldehyde as described in Materials and Methods. Phenylacetic acid was the only biotransformation product present, as identified by the electron impact mass spectrum reported in Fig. 3 . E. coli JM109(pTEB26) was unable to transform 2-phenylethanol (data not shown), suggesting direct oxidation of phenylacetaldehyde to phenylacetic acid. This demonstrates that styD codes for a protein with phenylacetaldehyde dehydrogenase activity.
DISCUSSION
This study provided new information on entirely new genes, since styrene catabolic genes had not been previously described. We have identified four genes located on the same DNA strand: styA and styB, necessary for the styrene monooxygenase activity; styC, encoding epoxystyrene isomerase; and styD, corresponding to the phenylacetaldehyde dehydrogenase gene. StyA showed weak homology with POBA (48) and NAHG (50) . These proteins belong to the subgroup of lowmolecular-mass flavin-containing monooxygenases, being approximately 45 kDa in size. The other subgroup of the flavin adenine dinucleotide-binding monooxygenase family is represented by higher-molecular-mass proteins (60 to 80 kDa) (14) such as TFDB (32) and phenol 2-hydroxylase (31) . However, all of the members of this family show approximately 20% overall identity, indicating that they could be evolutionarily related. StyA requires the presence of StyB for achievement of a good activity level. StyB is homologous to the carboxy-terminal part of TFDB. Studies on the amino acid similarities among different oxygenases or oxygenase subunits of different aromatic pathways suggest that different gene clusters may be combined as modules to which other peripheral genes may be added (43) . In our sequenced region, we have found some DNA stretches homologous to sequences present in other catabolic pathways (data not shown). In particular, 57.3% homology has been found between 110 nt of the 5Ј end of styC and the complementary strand of tfdF (a gene that is located upstream of tfdB and codes for a trans-chlorodienelactone isomerase) (32) and 79.2% identity has been found between 24 nt located inside styB and the complementary strand of the phenol 2-hydroxylase gene (pheA) (31) . These sequences could have had a role in the recruitment of foreign sequences, contributing to the evolution of the styrene catabolic pathway.
styC has been identified as a gene coding for a 169-aa protein able to convert epoxystyrene into phenylacetaldehyde. This was proved by cloning, by PCR, a DNA fragment containing only styC under the control of the lacZp promoter. In the analyzed region, we found no sequence allowing the conversion of epoxystyrene into 2-phenylethanol, and this is in accordance with the finding that E. coli cells were able to reduce phenylacetaldehyde to 2-phenylethanol. Altogether, the epoxystyrene biotransformation experiments strongly support the following conclusions: (i) 2-phenylethanol originated from the phenylacetaldehyde produced by StyC by a reductase activity encoded by the E. coli chromosome, (ii) accumulation of phenylacetaldehyde was toxic to E. coli cells, and (iii) a promoter should be present upstream of styC. Two possible Ϫ35 promoter consensus sequences have been found upstream of styC, in a region containing sequences with dyad symmetry able to form direct and inverted repeats. These structures are characteristic of positively regulated promoters. If the styC promoter is also positively regulated, this could explain the low activity in our constructions.
StyD was highly homologous to the members of the aldehyde dehydrogenase family, and we have demonstrated that it has a phenylacetaldehyde dehydrogenase activity by identifying phenylacetic acid as its unique biotransformation product. We were able to identify all of the structural genes necessary for the oxidation of styrene to phenylacetic acid (Fig. 1B) . The genes for the utilization of phenylacetic acid probably belong to an independent pathway, since most Pseudomonas strains are able to grow on this substrate. The identified gene functions confirm the styrene catabolic route previously proposed (Fig. 1A) (26) , with the exception of the epoxystyrene reductase gene, whose presence in the analyzed sty cluster can be excluded on the basis of the sequencing data and the biotransformation experiments reported here. The order of the genes corresponds to that of the catabolic steps, and the genes are probably organized in two operons. In fact, styC and styD should be cotranscribed, since the styC stop codon overlaps the styD start codon and a promoter is likely to be present upstream of styC. Also, styA and styB could belong to the same transcription unit, since no promoter-like sequence has been found between these two genes. We hypothesize the presence of a positively regulated promoter upstream of styA because the partial sequencing of the 900-bp region spanning the re -FIG. 3 . Characterization of the metabolites produced by JM109(pTEB26) encoding phenylacetaldehyde dehydrogenase. Cells were grown in the presence of IPTG, washed and resuspended in phosphate buffer, and exposed to phenylacetaldehyde as described in Materials and Methods. After 24 h, growth medium was extracted with ethyl acetate and analyzed by GC-MS. The mass impact spectrum of the compound obtained after GC of the extracted medium is compared with that of a sample of commercial phenylacetic acid. The molecular peak is positioned at m/z 136, and a strong tropylium ion peak (m/z 91 [C 7 H 7 ϩ ]), with its characteristic fragmentation products (C 5 H 5 ϩ and C 3 H 3 ϩ ) at m/z 65 and 39, is present. gion between the upstream PstI site and the styA start codon strongly suggests the presence of a regulatory gene (data not shown). Furthermore, deletions downstream of the PstI site completely abolished the detection of styrene monooxygenase activity, as previously demonstrated (26) . Downstream of the styrene catabolic genes, we have found the chromosomal copy of IS1162. Two copies of this element are present on the natural pEG plasmid harbored by strain ST (34) . Sequence analysis of IS1162 has demonstrated that it belongs to the class of IS21-like elements widely spread among pseudomonads and bacilli (40) . Due to its location, IS1162 could have had a role in the construction of the novel styrene catabolic pathway, as already proposed for other insertion sequences associated with catabolic operons (18) .
